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Protein disulfide-isomerase (PDI) was the first protein-folding catalyst to be characterized, half a century 
ago. It plays critical roles in a variety of physiological events by displaying oxidoreductase and redox- 
regulated chaperone activities. This review provides a brief history of the identification of PDI as both an 
enzyme and a molecular chaperone and of the recent advances in studies on the structure and dynamics 
of PDI, the substrate binding and release, and the cooperation with its partners to catalyze oxidative 
protein folding and maintain ER redox homeostasis. In this review, we highlight the structural features of 
PDI, including the high interdomain flexibility, the multiple binding sites, the two synergic active sites, 
and the redox-dependent conformational changes. 


© 2015 Elsevier Inc. All rights reserved. 


Introduction 


Remarkable early work by Hsien Wu [1] and others established 
the first theory of protein denaturation. Further, pioneering 
investigations by the Nobel Prize laureate Christian B. Anfinsen 
in the late 1950 s of the last century created a new field of protein 
science—“protein folding”—which was specified by Anfinsen’s 
proposition that “the amino acid sequence of a polypeptide chain 
contains all of the information for its three dimensional structure” 
[2], so called “spontaneous self-assembly” principle of protein 
folding. In the 1980 s, a new concept for protein folding emerged 
along with the identification of a “molecular chaperone” by John 
Ellis [3]. The refined definition of molecular chaperone is “a large 
and diverse group of proteins that share the property of assisting 
noncovalent folding and unfolding, and assembly and disassembly, 
of other macromolecular structures, but are not permanent 
components of these structures when they are performing their 
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normal biological functions” [4]. The concept of chaperone- 
assisted protein folding/unfolding/assembly/disassembly, i.e., the 
“assisted self-assembly” principle, expands the protein folding 
problem with a kinetic viewpoint, and does not conflict with 
Anfinsen’s proposition as a thermodynamic hypothesis. 

Oxidative protein folding characterized by intramolecular dis- 
ulfide bond formation is probably the most complicated protein 
folding problem, as the number of all possible disulfide-bonded 
isomers of a protein skyrockets with the increase of the number of 
constituent cysteines, but only one form imparts correct protein 
function [5]. It is known now that nearly one-third of human 
proteins are secretory and membrane proteins, which usually 
possess intra- and/or intermolecular disulfide bonds. Disulfide 
bonds are very important for the structure, function, and regula- 
tion of these proteins. The formation of disulfide bonds mainly 
occurs in the endoplasmic reticulum (ER) of eukaryotic cells and in 
the periplasm of prokaryotic cells. The pioneering work in the 
1960s by Anfinsen’s group led to the discovery of protein 
disulfide-isomerase (PDI) (for review, see Ref. [6]), which is a 
key and abundant enzyme in the ER for catalyzing oxidative 
protein folding. About 20 years later the amino acid sequence of 
rat PDI was deduced through sequencing of cDNA, suggesting that 
the enzyme comprised two distinct regions homologous with 
Escherichia coli thioredoxin (Trx) [7]. However, the accurate 
identification of the domain boundaries took almost another 20 
years. It is now known that PDI is composed of four Trx-like 
domains in the order of a, b, b’, and a’, with a C-terminal acidic 
extension c and an x-linker between domains b’ and a’ [8,9]. 
Domains a and a’ each contain a -CGHC- active site responsible 
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for a thiol-disulfide interchange reaction [10], and domain b’ 
provides the principal substrate-binding site [8,11]. 

PDI is ubiquitously expressed in different tissue and cell types 
of mammals, with a great quantity (0.4% of total cellular protein) 
in professional secretory tissues [12]. Possessing a C-terminal ER 
retention sequence of KDEL, PDI is primarily located in the ER 
lumen where its concentration can approach the millimolar range 
{13]; nevertheless it has also been found in other intracellular 
compartments, such as mitochondria, nucleus, cytosol, and even at 
the cell surface and extracellular space [14]. To date, more than 20 
members of human PDI family have been characterized, which 
share a common structural feature of having at least one Trx-like 
domain [15]. The modular combinations of Trx-like catalytic 
domains and noncatalytic domains give rise to structural and 
functional versatilities of PDI family members (for review, see Refs. 
[6,15,16]). The most well-studied PDI from lower eukaryotes is 
yeast Saccharomyces cerevisiae Pdilp. Although human PDI and 
yeast Pdilp share a sequence identity of 31% (BLAST) with similar 
overall structures and in vitro oxidoreductase activities, they differ 
in their molecular dynamics, in vivo redox states, and interactions 
with client proteins. In this review, we will focus on the structural 
basis of human PDI both as an enzyme and as a molecular 
chaperone, its activity regulation, and its interactions with client 
proteins. In terms of these aspects, differences between human 
PDI and yeast Pdilp will also be discussed. 


Chaperone activity of PDI 
PDI is both an enzyme and a molecular chaperone 


Given the enzyme classification number EC 5.3.4.1, PDI can 
catalyze the reactions of thiol-disulfide interchange (oxidation/ 
reduction) and the rearrangement of disulfide bonds (isomeriza- 
tion) in proteins, depending on the redox states of its active sites 
(Fig. 1). In each active site (-CGHC-) of PDI the two vicinal thiol 
groups can either form an intramolecular disulfide (oxidized PDI) 
or exist in free dithiol form (reduced PDI) during the catalytic 
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Fig. 1. PDI-catalyzed thiol-disulfide interchange reactions. PDI-catalyzed disulfide 
formation occurs when oxidizing equivalents are transferred from the active site of 
oxidized PDI to reduced substrate, resulting in either a native disulfide (a) or a 
nonnative disulfide (b) in the substrate and reduced PDI. The mispaired disulfide 
can be isomerized by reduced PDI through direct intramolecular disulfide rearran- 
gement (c). Alternatively, the nonnative disulfide can be converted to the native 
one via the pathway of reduction (d) and reoxidation (a). In some cases, the 
disulfide in native substrate can be reduced by reduced PDI (e) to facilitate 
substrate unfolding. Note that in all the thiol-disulfide interchange reactions, a 
mixed disulfide is formed between the N-terminal cysteine in the PDI active site 
and a cysteine in the substrate. Only one catalytic domain of PDI is shown for 
simplicity. 


cycle. PDI catalyzes disulfide formation in substrates by transfer- 
ring oxidizing equivalents to reduced substrates as an oxidore- 
ductase but not an oxidase, because it does not use molecular 
oxygen as the electron acceptor. Conversely, PDI catalyzes disulfide 
reduction in a substrate by transferring reducing equivalents to the 
oxidized substrate. The disulfide isomerization process could be 
achieved by two modes: the N-terminal cysteine in the active site 
of PDI attacks the mispaired disulfide in substrate and then 
directly shuffles the intramolecular disulfide rearrangement; alter- 
natively, repeated cycles of substrate reduction followed by 
reoxidation are completed by mixed reduced/oxidized PDI [17]. 
PDI was recognized only as an oxidoreductase and excluded as a 
chaperone |18] or a general chaperone [19] at the beginning of the 
1990 s. However, chaperone is a functional rather than a structural 
concept, and PDI was deduced to meet the main requirements of 
being a chaperone for the followings: (1) the spontaneous folding 
and formation of disulfide bonds within a polypeptide in vitro are 
often slow processes, and PDI-promoted oxidative folding with 
elevated efficiency does not need the presence of recognized 
chaperones; (2) PDI exists in the ER at high concentrations [13], 
and thus can function at stoichiometric levels as a chaperone; 
(3) PDI is notable in its capacity of nonspecific peptide binding 
through hydrophobic interaction [20,21], a prominent feature for a 
chaperone. 

“PDI is both an enzyme and a molecular chaperone” was 
originally proposed as a hypothesis [22]. This hypothesis has 
now been strongly supported by numerous in vitro and in vivo 
experimental data and widely accepted [4,23]. For oxidative 
protein folding, the chemical formation or disruption of disulfide 
bonds is accompanied by the processes of “conformational fold- 
ing” of the polypeptide chain. These processes are connected 
intimately and affected interdependently. Therefore, to explore 
the chaperone activity of PDI explicitly distinct from its known 
enzyme activity, proteins without disulfide, such as glyceralde- 
hyde phosphate dehydrogenase (GAPDH) [24] and rhodanese [25], 
were selected as target proteins. The presence of PDI in the fold- 
ing system at stoichiometric instead of catalytic amounts indeed 
greatly increased the reactivation yield of the guanidine 
hydrochloride-denatured GAPDH or rhodanese on dilution and 
suppressed their aggregation during refolding, without being a 
part of the final functional structure. In addition, PDI suppressed 
aggregation of rhodanese during thermal denaturation. These 
properties are entirely consistent with the definition of chaper- 
ones by Ellis [18] and fully meet the four criteria proposed by 
Jakob and Buchner [26] for characterization of a protein as a 
molecular chaperone. As the reactivation of those target proteins 
has nothing to do with the formation of disulfides, the folding 
promoting effects of PDI cannot be attributed to its enzyme 
activity but only to its intrinsic chaperone activity. 

The intrinsic chaperone activity of PDI has also been characterized 
in physiological disulfide-containing proteins. The oxidative refolding 
yield of denatured lysozyme was either increased or decreased in the 
presence of different concentrations of PDI [27]. PDI also increased 
the reactivation yield of denatured and reduced antibody fragments 
enormously, with a maximum effect at near stoichiometric amounts 
[28]. Later a set of elegantly designed experiments [29] showed that 
the maximal refolding and reactivation of denatured and reduced 
acidic phospholipase A2, a protein composed of 124 amino acid 
residues with seven disulfide bonds, were achieved in the presence 
of stoichiometric amounts of PDI, and 90% of PDI in the refolding 
reaction can be replaced by alkylated PDI [30] with only chaperone 
but no enzyme activity. Catalytic amounts of PDI only catalyzed very 
limited reactivation, and alkylated PDI alone, even at stoichiometric 
amounts, showed no effect on the reactivation of acidic phospholi- 
pase A2. These experiments unambiguously discriminated the cha- 
perone and oxidoreductase activities of PDI in the oxidative folding of 
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disulfide-containing protein, and demonstrated that both of the two 
activities are necessary for PDI to function as an efficient folding 
catalyst [31]. A similar strategy using enzymatically inactive PDI has 
been employed to examine the chaperone activity of PDI in other 
reactions; e.g., PDI with its active site mutated showed an ability to 
increase the expression of active lysozyme in E. coli [32]. 

In fact, that a protein has multiple different functions, including 
chaperone and enzyme functions, is not rare. The chaperone 
activity has been demonstrated for ATP-dependent proteases, such 
as the well-characterized Clp family, FtsH family, and Lon family, in 
which the chaperone activity contributes to high efficiency of 
proteolysis [33]. A widely conserved heat shock protein DegP has 
also been shown to have both chaperone and proteolytic activities, 
which are switchable in a temperature-dependent way [34]. 
Trigger factor, the first molecule binding to nascent peptide 
synthesized from the ribosome, has been characterized to have 
both chaperone and peptidyl-prolyl cis-trans isomerase activities, 
and its peptide-binding site is well separated from its enzyme 
active site [35]. FkpA, a peptidyl-prolyl cis-trans isomerase in the 
periplasm of E. coli, also has chaperone activity [36]. 


PDI is a physiological chaperone 


Not only the chaperone property but also the chaperone 
function of PDI in physiological actions have been demonstrated. 
PDI has long been identified to be a permanent structural subunit 
of two important ER-located enzymes, prolyl 4-hydroxylase (P4H) 
[37] and microsomal triglyceride transfer protein (MTP) [38]. P4H, 
catalyzing hydroxylation of procollagen chains, is an o&2{2 hetero- 
tetramer. The a-subunit contains the sites for both substrate- 
binding and hydroxylation activity, while the B-subunit is just PDI 
[39]. The chaperone activity of PDI rather than its enzyme activity 
is necessary for the solubility of recombinantly expressed 
a-subunits and the assembly of functional P4H molecules [40]. 
MTP is an a heterodimer with PDI as the B-subunit, which also 
functions as a chaperone as the isomerase activity is not required 
for the formation of soluble and active MTP dimer [41]. PDI was 
also identified to be part of the chaperone machinery in the 
proteasome-mediated ER-associated degradation (ERAD) process, 
by recognizing terminally misfolded secretory proteins and target- 
ing them to cytosol for degradation in both yeast [42] and 
mammalian cells [43]. For proinsulin folding, the PDI variants 
completely devoid of isomerase activity were shown to be able to 
increase the folding yield but not accelerate the folding process, 
though the maximum folding yield was only achieved with wild- 
type PDI [44]. Moreover, in estrogen responsiveness PDI plays a 
critical role as a molecular chaperone to assist the estrogen 
receptor in differentially regulating target gene expression [45]. 
And PDI enhances tissue factor coagulant activity on microvesicles 
through its chaperone activity rather than its oxidoreductase 
activity [46]. The above examples all indicate the chaperone 
function of PDI in diverse physiological events. 


The chaperone activity of PDI is redox-dependent 


“PDI is a redox-dependent chaperone” was first claimed by Tsai 
and Rapoport [47]. They reported that PDI mediates the transport 
of cholera toxin from the ER to the cytosol by unfolding the toxin 
A1 subunit in a redox-dependent mode. Reduced PDI in closed 
conformation recognizes and binds to A1 subunit, which is 
released when PDI is oxidized by its upstream oxidase ER 
oxidoreductin 1 (Erol) to an open conformation [48]. The dis- 
placement of the A1 subunit from the other parts of the toxin 
relies on the chaperone activity but not oxidoreductase activity of 
PDI [47,49]. In the sequential calnexin/BiP/PDI system for prepar- 
ing substrates in ERAD, the chaperone activity of PDI is also redox 


dependent [43]. However, the concept that PDI is a redox- 
dependent chaperone was challenged by arguing that the redox- 
dependent dissociation of PDI from its substrate is mediated by 
glutathione disulfide competition [50]. Until recently, the details of 
the redox-driven conformational change of PDI have been 
depicted by various structural techniques (see part III). Oxidation 
of PDI results in the conversion from the compact conformation to 
the open conformation with the substrate-binding surface more 
exposed, exhibiting higher chaperone activity to prevent the 
aggregation during substrate refolding [51]. In oxidative protein 
folding, PDI in the oxidized state with open conformation recog- 
nizes and binds to unfolded peptides/proteins, transfers its dis- 
ulfide to them, and PDI itself becomes reduced in closed 
conformation, which releases folded substrates. Should nonnative 
disulfides be inserted into substrates, reduced PDI can bind to 
these folding intermediates and catalyze the disulfide isomeriza- 
tion and afterward release the folded substrates [52]. 

In conclusion, the chaperone/substrate-binding activity of PDI 
is dependent on its conformation, which is coupled to its redox 
states. It seems likely that oxidized PDI with open conformation 
exhibits high binding affinity for extended unfolded peptides or 
less-folded intermediates, while the reduced PDI with compact 
conformation is more suitable for binding with relatively struc- 
tured substrates that need to be reduced or isomerized (Fig. 2). 


The structure and dynamics of PDI 
Structures of PDI 


PDI has long been thought as a dimer based on its apparent 
molecular weight determined by gel filtration chromatography, 


Reduced resting state Oxidized resting state 


gS = €3 


| Substrate binding and release by PDI | 


= 


Reduced substrate-bound state Oxidized substrate-bound state 


oh 


th 


Fig. 2. Schematic model of redox-dependent substrate-binding-release cycle of 
human PDI. The hydrophobic areas in each domain of PDI are colored in red, 
including the principal substrate-binding site in domain b’. Yellow balls indicate 
reduced thiols, and black bars indicate disulfide bonds. In the resting states, 
reduced PDI exists in compact conformation stabilized by interdomain interactions. 
On oxidation by upstream oxidizing equivalents, oxidized PDI acquires more 
conformational flexibility. Especially, the oxidation of the a’ domain increases the 
interdomain mobility of the b’xa’ region around the flexible x-linker (a). The 
oxidized PDI is thus in an open conformation with exposure of large substrate- 
accommodating cleft and extensive hydrophobic areas, and gains high binding 
affinity for unfolded peptides or less-folded intermediates. When transferring the 
oxidative equivalents to generate disulfide bonds in a substrate, PDI is concomi- 
tantly reduced and switches to a less open conformation (b). The substrate is 
released from PDI once it achieves a native structure, and reduced PDI returns to its 
resting state. In some cases, protein that needs to be reduced or isomerized can be 
captured by reduced PDI with relatively small cleft to initiate a direct isomerization 
or a reductive unfolding reaction (c). On substrate reduction and release, the 
oxidized PDI at its resting state can either be reduced by reducing equivalents (d), 
like glutathione, or reenter another cycle of substrate binding and release. 
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but this “dimer” was later identified to be a monomer by analytical 
ultracentrifugation analysis. The sedimentation velocity experi- 
ments also suggested that rat PDI is an elongated monomer; thus 
the four Trx-like domains were presumed to be arranged in a 
linear fashion with few interactions [53]. Later, a small angle X-ray 
scattering (SAXS) study presented a structural shape of human PDI 
in a short and roughly elliptical cylinder with an annular arrange- 
ment of its four Trx-like domains [54]. The trials to obtain the full- 
length PDI structure were unsuccessful for a long time, although 
the single domain structures a [55], b [56], and a’ [57] were 
determined in the late 1990 s of the last century. A breakthrough 
in this field came along with the determination of the crystal 
structure of yeast Pdilp. Yeast Pdilp shows an overall U-shaped 
organization of the four Trx-like domains, in which the a and a’ 
domains represent two flexible arms connected to the rigid bb’ 
base [58]. After that, the structures of different domain combina- 
tions of human PDI including b’x [59], bb’ [60], and bb’xa’ [51], as 
well as the full-length structures of other human PDI family 
members ERp44 [61], ERp29 [62], ERp57 [63], ERp27 [64], and 
ERp46 [65], subsequently came to the fore. Part of this progress 
has recently been reviewed by Gehring and co-workers [66], 
Ruddock and co-workers [6], and Freedman and co-workers [67], 
and a further related review is given by Kenji Inaba in this special 
issue. Hereinafter, we will focus on the interdomain interactions 
and dynamics in full-length PDI, based on the crystal structures of 
human PDI in the reduced and oxidized states, which is the first 
report of the structures of mammalian PDI containing all the four 
Trx-like domains [68]. 

In the crystal structures of human PDI, the four Trx-like domains a, 
b, b’, and a’ are arranged also as a horseshoe (or U) shape, in which 
domains a and a’ are at the two ends with -CGHC- active sites facing 
each other and domains bb’ as the base (Fig. 3). This overall domain 
organization looks quite similar to the Pdilp structure, whereas the 
structural details and the dynamic properties are actually rather 
different between the two PDI molecules. When the structures from 
these two species are superimposed on the basis of the bb’ domains, 
significant rotations of both domain a and a’ were observed. The 
major flexibility of human PDI occurs within the b’xa’ region [59,69], 
but not between domain a and b as indicated for yeast Pdilp [70]. 
Remarkably, the x-linker of human PDI can adopt alternative con- 
formations and thus considerably improves the conformational 
plasticity of the b’xa’ region [69]. Consistent with this, the contacts 
between domains a and b and between domains b’ and a’ in the 
crystal structures of human and yeast enzymes are different indeed. 
Furthermore, human PDI has a larger and deeper hydrophobic pocket 
embedded in domain b’ and a more extensive hydrophobic patch in 
domain b than yeast Pdilp. The differences in crystal structures of 
human and yeast PDI may underline the different interaction modes 
with partner proteins and distinct roles in oxidative protein folding 
(see part IV). It may also explain the observation that human PDI 


Oxidized state 


Reduced state 


Fig. 3. The crystal structures of human PDI in reduced (PDB code 4EKZ) and 
oxidized (PDB code 4EL1) states. Four Trx-like domains a, b, b’, a’ and the x-linker 
are indicated in ribbon diagrams with different colors. Cysteine residues in the two 
active sites are shown as yellow spheres. The surface representation of the 
molecule is shown in gray with the hydrophobic residues in red. The diameter of 
the open side of the cleft formed by the four domains is indicated. 


shows intrinsic chaperone activity in assisting the folding of dena- 
tured proteins without disulfide bonds [24], whereas yeast Pdilp does 
not [71]. 


Redox-regulated conformational changes of PDI 


Structural studies first provided solid evidence at the atomic 
level for the redox-regulated conformational changes of PDI. 
Comparison of the human PDI structures in oxidized and reduced 
states revealed that the redox-regulated conformational changes 
are mainly located in the b’xa’ region [68], which is consistent 
with previous results obtained by limited proteolysis assays and 
mass spectrometry [51]. Oxidation of the active site in domain a’ 
triggers the separation between the a’ and the b’ domains as well 
as a ~ 45° rotation of the C-terminal half of the x-linker, and thus 
exposes the active site in domain a’ and hydrophobic patches on 
these two domains for client binding (Fig. 3). The redox-regulated 
conformational changes also adjust the substrate-binding capa- 
cities of PDI. In reduced human PDI, the open side of the horseshoe 
cleft formed by the four Trx-like domains is narrow (~ 15 A), and 
the volume of the cleft is ~6816 A?, which is estimated to 
accommodate proteins or protein elements with some folding 
extent. When PDI is oxidized, the open side of the cleft expands to 
~30 A, and the volume of the cleft enlarges accordingly to~ 14453 
A?, providing a capability for binding extended unfolded peptides 
or less-folded intermediates. A similar redox-dependent domain 
rearrangement was observed in PDI from a thermophilic fungus 
Humicola insolens by using nuclear magnetic resonance and SAXS 
methods [72]. 

Redox regulation of protein function has recently attracted 
intensive attention. In Hsp33, a well-studied redox-regulated 
chaperone [73], the formation of a disulfide triggers the unfolding 
of the zinc-binding domain, which then destabilizes the adjacent 
region and exposes large hydrophobic surfaces for binding 
unfolded substrates. A structural study on a 2-Cys peroxiredoxin 
(Prx) from Schistosoma mansoni |74] proposed a similar activation 
mechanism for this redox-regulated chaperone. Overoxidation of 
the cysteine residue in the active site of this Prx to sulfinic acid 
form was believed to cause the unfolding of the C-terminus and 
the unwinding of a helix where the active site located, resulting in 
higher-order oligomerization and elevated chaperone activity. The 
redox-regulation of PDI chaperone activity is achieved by a 
different mechanism, through which PDI undergoes a significant 
interdomain rearrangement rather than conformational changes 
within an individual domain, exposing its hydrophobic patches to 
different extents for client accommodation. 


Substrate-bound state and resting state of PDI 


Structural and biochemical studies suggested that the PDI mole- 
cule is highly flexible to undergo conformational changes for cycles of 
substrate binding and release. In addition, PDI contains multiple 
binding sites with moderate to low affinities [60,75,76], which is 
beneficial to the binding of substrate/partner proteins with different 
shapes and sizes or at different folding extents. The moderate/low 
binding ability is also favorable for the release of clients from PDI 
when the reaction cycle is completed. These two prominent structural 
features enable PDI to function efficiently as an oxidoreductase and/or 
a chaperone. On the other side, it is just the molecular flexibility that 
makes PDI difficult to be crystallized. A noteworthy fact is that in all 
solved crystal structures of PDI, either from human [68] or yeast 
[58,70], the interior of the horseshoe, containing the principal site 
responsible for substrate binding, is partially occupied by another PDI 
molecule. This probably represents a tendency under crystallization 
conditions for stabilizing PDI conformation via filling up with another 
molecule and may be considered as a substrate-bound state of PDI. 
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A recent molecular dynamics simulation study based on the crystal 
structures of human PDI revealed that the molecule adopts more 
compact conformations in solution than in crystal structures [77]. 
Interestingly, these compact conformations are quite similar to the 
previously reported SAXS annular model of human PDI in solution [54], 
and likely represent the intrinsic stable conformations of human PDI 
molecule in its resting states. In these compact conformations, domain 
a appears close to the other three domains and can even interact with 
domain b’ via several salt bridges, which was not observed in the 
crystal structures. Disruption of these salt bridges between domains a 
and b’ or deletion of domain a promoted the accessibility of domain b’ 
to a partner protein [77]. In line with this, bisphenol A was reported to 
induce the rearrangement of the PDI a domain, resulting in an overall 
structure more compact with closure of the substrate-binding pocket 
in the b’ domain [78]. Therefore, besides the flexibility within the b’xa 
region revealed in crystal structures, domain a may also contribute to 
the regulation of the substrate-binding or chaperone activity of PDI. 
The relative movement of domain a and a’ was first observed by 
Freedman’s group over 20 years ago, and the minimum distance 
between the two active sites of rat PDI was determined to be 16A 
by crosslinking with a thiol-specific homobifunctional reagent [79]. In 
the crystal structures, this distance of human PDI is 40.3 A in the 
oxidized state and 27.6 A in the reduced state [68]. Significantly, this 
distance was observed to decrease to 5.4 A during molecular dynamics 
simulations and can be even shorter, because an interdomain disulfide 
using a PDI trapping mutant was captured in solution [77]. This result 
may support the recent speculation of the intramolecular electron 
transfer within a PDI molecule [80,81], and provide new insights into 
the possible synergic cooperation of the two active sites of PDI during 
catalyzing reactions. 
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Fig. 4. Model for PDI-mediated oxidative protein folding and redox homeostasis in 
mammalian ER. At steady states, Erola is predominantly in the inactive state, and 
PDI family proteins (PDIs) are present in a balanced reduced and oxidized 
distribution. Yellow balls indicate reduced thiols, and fine black bars indicate the 
disulfide bonds. Only the catalytic domains of PDIs are shown for simplicity. Once 
the folding load of reduced substrates (such as nascent polypeptides) increases, the 
redox homeostasis in the ER is disturbed, and more reduced PDIs are generated, 
which quickly reduce the regulatory disulfides in Erola and liberate the outer 
active site located in the loop region (red arrow 1). The activated Erola specifically 
recognizes the b’xa’ domains of PDI and preferentially oxidizes the active site in the 
a’ domain, which further introduces disulfides into reduced substrates (purple 
arrow 1). In this reaction O, is consumed to produce H203, which can be further 
utilized by GPx7/8 and/or Prx4 to generate more disulfide via oxidizing the 
catalytic domains of PDI proteins (purple arrow 2), with H20 being released. The 
asymmetric oxidation of PDI by Erola keeps the a domain mainly in the reduced 
state for catalyzing efficient disulfide isomerization to produce correctly folded 
substrates (orange arrow). Once the thiol-disulfide equilibrium in the ER is 
reestablished, the regulatory disulfides of Erola are easily reformed either by 
self-oxidation or facilitated by oxidized PDIs to decrease the introduction of 
oxidizing power in the ER and avoid the futile oxidation cycles (red arrow 2). 


Based on the recent progress discussed above, we can image 
that in the ER lumen PDI may constantly move with its two 
flexible arms to dance with diverse substrate/partner proteins, 
which is stimulated by dynamic conformational changes coupled 
to its redox state alternation in response to the physiological 
actions (Fig. 2). 


PDI and its partners in oxidative protein folding 
PDI and Ero1 constitute the pivotal oxidative folding pathway 


To continuously catalyze disulfide formation, PDI needs to be 
recharged after its disulfide has been transferred to reduced 
substrates. The oxidative resource for oxidative protein folding 
had long been considered to be oxidized glutathione until the 
upstream enzymes were identified. Ero1 flavoprotein, member of 
the sulfhydryl oxidase family (EC 1.8.3.2), was characterized to be 
the first oxidase of PDI. Yeast contains a single ERO1 gene encoding 
Ero1p protein [82,83]. Human cells have two Ero1 isoforms—Ero1a 
is widely expressed [84] and Ero1f is selectively expressed in 
professional secretory tissues [85]. The mechanism of the electron 
transfer through the PDI-Ero1 pathway was elucidated in recent 
years [86,87]. Under aerobic conditions the Ero1 proteins utilize O3 
as an electron acceptor to oxidize its -CXXC- inner active site via 
flavin adenine dinucleotide cofactor. The produced disulfide is 
then transferred to the -CXXXXC- outer active site located in an 
intrinsically flexible loop, and further shuffled to the active site of 
PDI [88,89]. The expended O, is reduced to an equimolar H202 
molecule [90-92]. 

Although human PDI harbors two -CGHC- active sites with similar 
reduction potentials [80], Ero1a [91,93] and Ero1f [92] preferentially 
oxidize the active site in domain a’ of PDI rather than the one in 
domain a. The asymmetric oxidation of the two active sites in PDI is 
not trivial, as the reluctant oxidation of the a domain makes it mainly 
in the reduced state, which can deal with the rearrangement of the 
nonnative disulfides in the folding intermediates [94]. A fascinating 
model for the oxidative folding driven by human Ero1 proteins has 
been proposed as shown in Fig. 4. The a’ domain of PDI contributes to 
disulfide introduction while the a domain mainly to disulfide 
isomerization, so as to guarantee the efficiency and fidelity of 
oxidative protein folding. Quite differently, the two active sites of 
Pdilp can both be readily oxidized by Ero1p [94], with the oxidation 
rate of domain a somewhat faster [95]. Consequently, the yeast 
Ero1p/Pdilp system is less efficient than the human system in the 
proofreading of nonnative disulfides as assessed in vitro [94]. These 
data are in agreement with the observations that Pdilp in yeast 
exists predominantly in the oxidized state [96], and less than 6% of its 
isomerase activity is needed for yeast growth [97]. On the contrary, in 
human cells a majority of PDI active sites are in the reduced state 
[98]. It is rational that the Ero1a/PDI system in mammals has evolved 
to adapt to the folding of disulfide-rich secretory and membrane 
proteins, especially those containing nonconsecutive disulfide bonds, 
which are not ample in lower eukaryotes. 


The different modes for PDI as a substrate and a regulator of Ero1 


In recent years, a clearer picture of the interactions between 
Ero1 and PDI at molecular level has been depicted. In addition to 
catalyzing disulfide formation, PDI-Ero1 interplay also constitutes 
a pivotal regulatory hub for the maintenance of thiol-disulfide 
redox homeostasis in the ER from yeast to human. In this system, 
the oxidase activities of Erol proteins are negatively controlled 
through the formation of their “regulatory disulfide bonds” 
{92,93,99,100]. PDI functions not only as the substrate of Erol, 
but also as a crucial regulator of Erol activity [94,101,102]. If the 
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environment of the ER is relatively reducing, the oxidase activity of 
Erol can be activated due to the reduction of the regulatory bonds 
by reduced PDI, and generates disulfides in PDI and in substrates 
to recover the redox state of the ER accompanied by peroxide 
production. Once the ER becomes too oxidizing, the regulatory 
bonds of Ero1 are reformed, either by autonomous reoxidation or 
by oxidized PDI, and Ero1 is inactivated to avoid futile oxidation 
cycles with excess peroxide production. The tight regulation of 
Erola by PDI could be a critical determinant of ER redox home- 
ostasis [103]. In contrast, the regulation of Ero1f is looser, under- 
lining its role as a more active oxidase in professional secretory 
cells where massive oxidative power is required [92]. 

Notably, the working modes of human PDI as a regulator and as a 
substrate of Ero1a are different (Fig. 4). It was very recently revealed 
that the two catalytic domains of PDI contribute to the activation/ 
inactivation of Erola equally and independently [94,104], and the 
substrate-binding ability of PDI is not involved in disulfide exchange 
between the active sites of PDI and the regulatory bonds of Erola 
[94]. However, once Ero1a is activated, the fast turnover between the 
active sites of Erola and PDI strictly relies on the hydrophobic 
interaction between the two enzymes [91,94,105]. Inactive Erola 
showed a lower affinity for PDI in vitro [105], and no stable binding 
with PDI in cells was detected [94]. A protruding B-hairpin in Ero1q, 
which contains an exposed tryptophan residue, was reported to be 
critical for the binding and functional disulfide relay with PDI [106]. 
Intriguingly, in the solved crystal structures of active and inactive 
Erol no significant conformational difference was found, including 
the protruding B-hairpin [105]. Additional structural elements in 
active Erola@ could be speculated to recognize PDI for efficient 
disulfide relay. The hydrophobic binding between the Erola and 
the PDI b’xa’ fragment provides the structural basis for the preference 
of Ero1a to oxidize the active site next to the C-terminus of the 
substrate-binding domain b’ [91]. In line with this model, several PDI 
family proteins with their catalytic domains containing the -CGHC- 
active sites but lacking the unique b’ domain in PDI can also regulate 
Erola activity [94,104], but are poor substrates of Erola [94,107]. 
Interestingly, most of these PDI family proteins became good sub- 
strates of Erola once their catalytic domains were fused with the b’ 
domain of PDI at the C-terminus [94,105]. 

The interaction mode between yeast Erolp and Pdilp is a 
different story. Although the substrate-binding domain b’ in Pdilp 
was found necessary for efficient disulfide relay with Ero1p (our 
unpublished data), the stable binding complex with Ero1p was not 
detected [94]. Due to less conformational restriction, the two 
active sites of Pdilp can both exchange with the regulatory 
disulfides [102] as well as the catalytic disulfide [94,95] of Ero1p. 


PDI cooperates with Prx4 and GPx7/8 for H202 elimination and 
utilization 


In yeast, Erolp-derived H202 accumulation has been observed to 
cause oxidative stress [99,108]. However, in mammalian cells over- 
expression of a deregulated Erol@ mutant or its hyperactive homo- 
logue Ero1f elicited only modest ER stress and showed little effect on 
cell viability [100,109]. An in vitro study suggested that H2O can 
directly oxidize PDI for disulfide formation in substrate [110]; how- 
ever, the kinetics of the oxidation of PDI seems slow. In fact, in the 
human ER at least three peroxidases have been found to eliminate 
peroxide. Prx4 is a typical 2-Cys Prx (EC 1.11.1.15), with its peroxidatic 
cysteine (Cp) highly reactive to H2O, oxidation, and the produced 
cysteine sulfenic acid can be attacked by the resolving cysteine (Cp) to 
form a Cp-Cg disulfide bond [111]. The other two peroxidases GPx7 
and GPx8 [112], members of the glutathione peroxidase superfamily 
(EC 1.11.1.9), also use cysteines as active sites to react with H20, but 
lack canonical Cp. A noncanonical Cp in GPx7 was instead 


characterized to resolve the sulfenylated Cp into an intramolecular 
disulfide bond [113]. 

In the cytosol, after reaction with peroxide, the oxidized 2-Cys 
Prxs and cysteine-based GPxs are reduced most commonly by Trx 
and the Trx reductase system [114]. Thus, it is not surprising that 
Prx4 [115] and GPx7/8 [113] can use H202 to oxidize Trx 
biochemically. In the ER, the Trx superfamily members are PDI 
proteins, and multiple PDI family members have been shown to be 
able to recycle Prx4 [111] and GPx7/8 [112] indeed. Unlike the 
aforementioned human Ero1-PDI a’ domain disulfide relay, these 
three peroxidases recognize Trx-like domains of various PDI family 
proteins with less discrimination, irrespective of their locations in 
the full-length proteins [112,116], possibly due to lacking a robust 
hydrophobic binding interaction with PDI proteins. GPx7 [113] and 
GPx8 |117] have been demonstrated to be able to efficiently 
metabolize Ero1-generated H 02, possibly because spatially they 
localize close to the PDI-Ero1 complex | 112,113]. By contrast, Prx4 
was reported to predominantly use Erol-independent H202 
sources [117,118], and shows preference for P5 and ERp46 over 
PDI both in cells and in vitro [116]. It is noteworthy that the Prx4- 
mediated oxidative folding pathway can introduce rapid but 
promiscuous disulfide into substrates, and PDI can proofread the 
nonnative disulfides by exerting its chaperone and reductase/ 
isomerase activities [116,119]. Thus, in the ER PDI and its family 
members cooperate with Prx4 and GPx7/8 to eliminate and 
concomitantly utilize H202 for oxidative protein folding (Fig. 4). 
A relative review on the functions of ER peroxidases is given by 
Christian Appenzeller-Herzog in this special issue. 


The roles of PDI in other oxidative folding pathways 


Two additional enzyme pathways can couple small redox 
chemicals for de novo disulfide formation in the human ER. One 
is mediated by the transmembrane vitamin K epoxide reductase 
(VKOR) (EC 1.1.4.1), which reduces vitamin K epoxide to hydro- 
quinone with its own -CXXC- motif being oxidized [120]. Oxidized 
VKOR could donate a disulfide to PDI proteins, especifically to 
membrane-anchored TMX and TMX4 [121]. Although it is not yet 
clear how VKOR recognize TMX and TMX4 on the membrane and 
what the specific substrates are, this VKOR/PDI system could be a 
backup for oxidative protein folding [122]. The other enzyme 
quiescin sulfhydryl oxidase 1 (QSOX1) (EC 1.8.3.2), like Erol, is 
also a flavoprotein, that couples the formation of disulfide bonds 
to the reduction of Oz to H202 [123]. A unique feature of the 
QSOX1 molecule is that it contains an N-terminal Trx-like domain 
for shuffling disulfide and a C-terminal Erv sulfhydryl oxidase 
domain for de novo disulfide generation [124]. Thus, QSOX1 can 
directly catalyze disulfide formation in protein substrates with 
superfast turnover averaging about 700 disulfides per minute 
[123]. Naturally, the QSOX1-catalyzed rapid disulfide formation is 
error-prone, and PDI is therefore required to isomerize the mis- 
paired disulfides [125]. Recently, the physiological function of 
QSOX1 was revealed to control the extracellular matrix assembly 
[126], but it is not yet known whether PDI located on the cell 
surfaces or extracellular space can cooperate with QSOX1 to 
maintain a faithful extracellular thiol-disulfide equilibrium. 


Concluding remarks 


Although originally being identified as a catalyst for oxidative 
protein folding, PDI is now recognized to be a multifunctional 
protein involved in a variety of redox-related intracellular and 
extracellular events. Knowledge for a comprehensive understand- 
ing of this versatile protein, including its catalytic property, 
chaperone/substrate binding, structural dynamics, and activity 
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regulation as well as its interactions with clients, has increased 
greatly during the past half a century. In this review, we highlight 
two prominent features of PDI for it to display multifunctional 
roles: one is that PDI has large intrinsic interdomain flexibility to 
accommodate various substrates/partner proteins through its 
multiple binding sites with moderate/low binding ability; the 
other is that the redox-dependent conformational changes in PDI 
facilitate client binding and release. 

Notably, as a central physiological player in the ER lumen, PDI 
cooperates with upstream oxidases not only for catalyzing dis- 
ulfide formation, but also for maintaining the redox homeostasis 
in the ER. Recently, studies have reported the redox regulation of 
the different unfolded protein response (UPR) sensors mediated by 
dedicated PDI proteins [127,128]. Therefore, the redox-based PDI- 
Erol feedback regulation loop could participate in controlling the 
strength of UPR signaling in the ER, which could make cell life 
and death decisions [129]. Remarkably, the roles of PDI and its 
family members have been unraveled in diverse physiology and 
pathophysiology, such as hemostasis, infectious disease, cancer, 
neurodegenerative diseases, and infertility (for review, see Refs. 
[14,15,130]). More and more studies are focusing on PDI as targets 
for disease diagnosis and therapy. On the one hand, development 
of small-molecule PDI inhibitors is promising for cancer therapy, 
as cancer cells with a global increase in protein synthesis are more 
vulnerable to PDI inhibition than normal cells [131]. PDI inhibitors 
can also be useful to block the internalization of pathogens, such 
as HIV [132]. On the other hand, many neurodegenerative diseases 
are linked to the abnormal posttranslational modification of PDI 
with compromised enzyme and/or chaperone activity [130]. Thus, 
drugs that boost PDI activity and gene therapy approaches for 
“gain of function” may be useful strategies for the intervention of 
these diseases. Our understanding of PDI biology will no doubt be 
greatly improved by future advances, e.g., the development of 
high-throughput assays for specific PDI activity, the discovery of 
more efficient and specific PDI inhibitors and/or activators, and the 
acquisition of high-resolution structures of PDI in different client- 
bound states. 

A thrilling new era has dawned for PDI studies. 
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